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METHOD AND APPARATUS FOR EQUALIZATION ACROSS 
PLURAL DATA CHANNELS 


CROSS-REFERENCE TO RELATED APPLICATIONS 

This is the first application filed for the present 
5 invention. 


MICROFICHE APPENDIX 

Not Applicable. 


TECHNICAL FIELD 

The present invention relates to communications 
10 networks, and in particular to a method and apparatus for 
signal equalization across multiple data channels of an 
optical communications network . 


BACKGROUND OF THE INVENTION 

In the modern communications network space, signal 
15 reach and spectral density are important factors in overall 
network cost. Assuming other factors to be equal, 
increases in either signal reach or spectral density tend 
to reduce overall network cost and are thus very attractive 
to network service providers. 

20 Signal reach is the distance that an optical signal 

can be transmitted through a fiber, before conversion to 
electronic form is required to perform signal regeneration. 
Using suitable optical amplifiers and optical processing 
techniques, between 10 and 20 fiber spans (of 40-80 km 

25 each) can be traversed by an optical signal before 
optical/electrical conversion and regeneration are 
required. 
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Spectral density, which is normally expressed in 
terms of bits/sec/Hz (b/s/Hz) , is a measure of the extent 
to which the theoretical maximum bandwidth capacity of an 
optical channel is utilized. This value is generally 
5 determined by dividing the line rate (in bits/sec.) of a 
channel by the optical frequency (in Hz) of that channel. 
A spectral density of 1 indicates that, for a given 
channel, the line rate and optical frequency are equal, so 
that each carries a bit of information. Existing 

10 telecommunications systems commonly operate at line rates 
of approximately 2.5Gb/s to 40Gb/s. At a line rate 

of lOGb/s, current Wavelength Division Multiplexed (WDM) 
(or Dense Wave Division Multiplexed (DWDM) ) transmission 
systems achieve a spectral density of approximately 0.1 

15 b/s/Hz. If the line rate is increased to 40Gb/s, the 
spectral density increases to approximately 0.4b/s/Hz, 
illustrating the advantages of increasing the line rate. 

However, there is a trade-off involved in using 
increased line rates to improve spectral density. In 

20 particular, increased line rates typically result in a 
reduction in signal reach. For example, with the use of 
appropriate optical amplifiers, a signal reach of 2500km 
has been demonstrated at a line rate of 2.488Gb/s 
(equivalent to a SONET/SDH OC-48 signal) . At a line rate 

25 of 40Gb/s, the signal reach drops to approximately 1000 Km. 
This reduction in signal reach is explained by the fact 
that, as the line rate increases non-linear optical effects 
(e.g. self-phase modulation, optical dispersion, etc.) 
become progressively more significant, and cause increased 

30 bit error rates. In general, in order to keep the bit 
error rate below a tolerable threshold the distance that an 
optical signal is transmitted through a fiber before 
conversion to electronic form must be reduced. 
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Typically, the performance of optical fibers and 
amplifiers is non-linear across an optical spectrum of 
interest. This non-linear performance is manifested in, 
among other things, variations in the signal-to-noise ratio 
5 and signal gain (Q) of each channel. These variations tend 
to accumulate with each amplification stage and thus can 
become very large over the 15-20 spans of a fiber link. 
Since the length of each fiber link (i.e. the length of 
each span, and the number of spans before conversion to 

10 electronic form) is governed by the bit error rate of the 
lowest-performing channel, such high Q variations mean that 
most of the (higher performing) channels must operate with 
a shorter signal reach than would be indicated by their 
individual bit error rates. Accordingly, it is desirable 

15 to equalize performance across the channels. 

* Various methods of optical gain equalization are 
known in the art. See, for example, United States Patent 
No. 6,091,538 issued to Takeda et al. on July 18, 2000 and 
entitled Gain Equalizing Apparatus; and United States 

20 Patent No. 6, 097,535 issued to Terahara on August 1, 2000 
and entitled Method for Optical Amplification and System 
for Carrying Out the Method. Both of these patents use a 
variation of known Adaptive Optical Equalization 
techniques, in which the detected signal power is used to 

25 dynamically adjust the gain of an optical amplifier, to 
thereby minimize variations in the gain across multiple 
channels. Other known techniques involve the use of static 
or dynamic gain equalization filters, which operate by 
attenuating the optical signal power on channels with 

30 relatively high gain. 


While each of the above methods are capable of 
reducing variations in gain, the physical properties of 
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installed equalization devices are subject to a certain 
amount of variation, resulting in an unavoidable 
equalization error, typically on the order of approximately 
±0.2dB. Over a link comprising 20 spans, this optical 
5 equalization error can accumulate to produce an 
uncompensated variation across the channels of as much as 
±4dB. 

Accordingly, a method and apparatus that enables 
maximized signal reach by providing effective equalization 
10 across multiple channels remains highly desirable. 

SUMMARY OF THE INVENTION 

Accordingly, an object of the present invention is 
to provide a method an apparatus for conveying data signals 
through a multi-channel WDM network in which the effects of 
15 performance variations across the channels are effectively 
compensated. 

Accordingly, an aspect of the present invention 
provides a method of optical equalization across N (an 
integer, N>1) channels of a multi-channel link of a 

20 communications network. Each one of M (an integer, M>1) 
parallel data signals are distributed across the N channels 
of the link, such that a substantially equal portion of 
each data signal is conveyed through each one of the N 
channels. Respective bit-streams received over the N 

25 channels are processed to recover the M data signals. As a 
result, performance variations between the N channels are 
optically equalized by averaging within each of the M data 
signals. 

A further aspect of the present invention provides 
30 a method of conveying M (an integer, M>1) data signals 
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across a multi-channel link of a communications network. 
At a transmitting end of the link, each one of the M data 
signals are distributed across the N channels of the link, 
such that a substantially equal portion of each data signal 
5 is conveyed through each one of the N channels. At a 
receiving end of the link, respective bit-streams received 
over the N channels are processed to recover the M data 
signals . 

Another aspect of the present invention provides a 
10 system for equalization across N (an integer, N>1) channels 
of a multi-channel link of a communications network. The 
system comprises: means for distributing each one of M (an 
integer, M>1) parallel data signals across the N channels 
of the link, such that a substantially equal portion of 
15 each data signal is conveyed through each one of the N 
channels; and means for processing respective bit-streams 
received over the N channels to recover the M data signals. 
As a result, performance variations between the N channels 
are optically equalized by averaging within each of the M 
20 data signals. 

Another aspect of the present invention provides an 
apparatus for enabling equalization across N (an integer, 
N>1) channels of a multi-channel link of a communications 
network, the apparatus comprising means for distributing 
25 each one of M (an integer, M>1) parallel data signals 
across the N channels of the link, such that a 
substantially equal portion of each data signal is conveyed 
through each one of the N channels. 

Another aspect of the present invention provides a 
30 apparatus for enabling equalization across N (an integer, 
N>1) channels of a multi-channel link of a communications 
network, in which a substantially equal portion of each one 
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of M (an integer, M>1) data signal is conveyed through each 
one of the N channels, the apparatus comprising means for 
processing respective bit-streams received over the N 
channels to recover the M parallel data signals. 

5 Each data signal may be a Forward Error Correction 

(FEC) encoded data stream. 

In embodiments of the invention, each one of the M 
data signals may be distributed across the N channels of 
the link by: substantially evenly dividing each one of the 

10 M data signals into N respective sub-signals; and 
interleaving one sub-signal of each data signal into a 
respective one of the N channels. Division of each data 
signal may be accomplished, for each data signal, by: 
partitioning the data signal into a sequential series of 

15 data units having a predetermined size; and forwarding each 
successive data unit, in turn, to a respective one of the N 
sub-signals. Each data unit may have a size of one or more 
bits . 

In embodiments of the invention, a respective 
20 unique identifier is inserted into a predetermined location 
of each sub-signal, prior to interleaving the sub-signal 
into a respective one of the N channels. In such cases, 
processing a bit-stream received over a respective channel 
may comprise searching the bit stream to locate the unique 
25 identifier. 

One sub-signal of each data signal may be 
interleaved into a respective one of the N channels using a 
conventional sequential interleaving process. Thus, a data 
unit can be sequentially selected from one sub-signal of 
30 each data signal, and each selected data unit then 
forwarded, in turn, to the channel. 
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In embodiments of the invention, a respective 
bit-stream received over each one of the N channels may be 
processed by: dividing each bit-stream to recover a 
respective sub-signal of each data signal; and interleaving 
5 respective recovered sub-signals of each data signal to 
recover each one of the M data signals. Division of each 
bit-stream may be accomplished, for each bit-stream, by: 
partitioning the bit-stream into a sequential series of 
data units having a predetermined size; and forwarding each 
10 successive data unit to a respective one of N recovered 
sub-streams . 

In cases where each sub-signal includes a 
predetermined unique identifier, partitioning the bit- 
stream may be accomplished by searching the bit-stream to 
15 locate the unique identifier; and extracting one or more 
data units associated with the unique identifier from the 
bit-stream. 

A conventional sequential interleaving process may 
be used to interleave respective recovered sub-signals of 
20 each data signal to recover each one of the M data signals. 
Thus, for each one of the M data signals, one data unit can 
be sequentially selected from each sub-signal of the data 
signal, successively selected data units are then appended 
to recover the original data signal. 

25 An advantage of the present invention resides in 

the recognition that it is the bit error rate of data 
signals being transported through a fiber link, rather than 
the bit error rate of any one channel, that should be 
determinative of link length. By distributing each data 

30 signal evenly across two or more channels, the bit error 
rate for the signal is an average of the bit error rates of 
each involved channel. Thus the impact of any variations 
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in channel performance is shared equally by each of the 
data streams, thereby diluting the effects of the 
lowest-performing channel and consequently allowing an 
increase in link length beyond that which would be 
5 indicated by the bit error rate of the lowest-performing 
channel . 


BRIEF DESCRIPTION OF THE DRAWINGS 

Further features and advantages of the present 
invention will become apparent from the following detailed 
10 description, taken in combination with the appended 
drawings, in which: 

Fig. 1. is a block diagram schematically 
illustrating a communications network in which an 
embodiment of the present invention may be deployed; 

15 Fig. 2 is a block diagram schematically 

illustrating operation of a signal distribution unit 12 in 
accordance with an embodiment of the present invention, the 
signal distribution unit 12 being adapted to operate in a 
transmitting end node of a fiber link; and 

20 Fig. 3 is a block diagram schematically 

illustrating operations of a signal regeneration circuit in 
accordance with an embodiment of the present invention, the 
signal regeneration circuit being adapted to operate in a 
receiving end node of a fiber link. 

25 It will be noted that throughout the appended 

drawings, like features are identified by like reference 
numerals . 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

The present invention provides a method and 
apparatus for optical equalization to improve signal reach 
by distributing two or more data signals across two or more 
5 channels of an optical link. At a receiving end of the 
optical link, data-streams conveyed through each of the 
channels are processed to recover the original data 
signals . 

FIG. 1 is a schematic diagram of a communications 

10 network 2 in which the present invention may be deployed. 
The network 2 includes a plurality of nodes 4a-e (which may 
be, for example, routers, cross-connects, regenerators or 
Add-Drop-multiplexors (ADMs) ) interconnected by fibre 
links 6a-e. Each of the nodes 4a-e are preferably 

15 electro-optical nodes configured for wave division 
multiplex (WDM) and/or dense wave division multiplex (DWDM) 
transport of data traffic. For the purposes of the present 
invention, optical signals received at a node 4 from a 
fiber link 6 are assumed to be de-multiplexed and converted 

20 to electrical signals for signal regeneration and/or 
routing. Each fibre link 6a-e includes one or more fibre 
spans 8 coupled together by optical amplifiers 10. For the 
purposes of the present invention, optical signals received 
at an optical amplifier 10 from a fiber span 8 are assumed 

25 to be optically de-multiplexed and amplified without 
optical to electrical conversion. 

Fig. 2 is a block diagram schematically 
illustrating operations of a signal distribution unit 12 in 
accordance with an aspect of the present invention. The 
30 signal distribution unit 12 may be implemented as hardware 
and/or software within each transmitting end node 4a-e. In 
a hardware implementation, the signal distribution unit 12 
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may be an application specific integrated circuit (ASIC) , 
or may be incorporated into a larger ASIC such as, for 
example, a forward error correction (FEC) ASIC. In either 
case, the signal distribution unit 12 operates to 
distribute M (where M is an integer, and M>1) data 
signals 14 (in the example shown in Fig. 2, M=3) across N 

(where N is an integer, and N>1) channels 16 (in the 
example shown in Fig. 2, N=4) . The channels 16 can then be 
routed through conventional signal transmission circuits 

(not shown) which perform electro/optical conversion and 
optical multiplexing of the channels 16 into the fiber 
links 6a-e in a manner known in the art. For example, known 
signal multiplexing methods may be utilized to multiplex 
the channels 16 onto respective different wavelengths 
within the same WDM or DWDM fiber, respective wavelengths 
within two or more WDM or DWDM fibers, or respective 
single-wavelength fibers. With any of these approaches, it 
is also, possible to use a Code Division Multiple Access 

(CDMA) encoding system to combine and transmit data signals 
within the channels 16. 

In general, the signal distribution unit 12 
comprises at least M signal dividers 18a-c, and at least N 
interleavers 20a-d. Each signal divider 18a-c divides a 
respective data signal 14a-c into N sub-streams 22 (i.e. 
one sub-stream 22 for each channel 16) . As illustrated in 
Fig. 2, one method by which this may be accomplished is to 
divide each data signal 14 into a sequential series of data 
units 24 of a predetermined length. The length of each 
data unit is arbitrary, and may be as short as a single 
bit. The signal divider 18 then forwards each successive 
data unit 24 of a respective data signal 14 to a respective 
one of the sub-streams 22, in turn, so that each 
sub-stream 22 includes a substantially equal proportion of 
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the original data signal 14. Each sub-stream 22 from a 
data signal 14 is forwarded to a respective one of the 
interleavers 20a-b, so that each channel 16 carries one 
sub-stream 22 from (and thus a substantially equal portion 
5 of) each data signal 14. 


hardware and/or software, comprises a sub-stream processor 
19 and a sequential interleaving multiplexor 21. The sub- 
stream processor operates to insert a unique sub-stream 

10 identifier into each of the sub-streams 22 received by the 
interleaver 20, prior to their being interleaved into a 
respective channel 16. The sub-stream identifier serves to 
enable successful discrimination and separation of the sub- 
streams from a respective channel 16 at a downstream node 

15 4. The sub-stream identifier preferably comprises a 
unique, n-bit word, which is inserted into a respective 
sub-stream 22 at a predetermined frequency. The length 
(i.e. number n of bits) of the sub-stream identifier, and 
the insertion frequency are implementation specific, and 

20 may be varied as required. In order to provide reliable 
identification of the sub-stream identifier at a downstream 
node 4, a sub-stream identifier of at least 10 bits is 
preferred. In a high-noise environment, a sub-stream 
identifier of 20 bits or more may be required in order to 

25 obtain reliable separation of the sub-streams 22. 
Additionally, it is preferable to ensure that the insertion 
frequency of the sub-stream identifier is sufficiently high 
to enable accurate compensation for noise and signal 
jitter, but should not be so high as to introduce an 

30 unnecessary overhead into the sub-stream. In general, an 
insertion frequency of about 8kHz should yield satisfactory 
results in most cases. 


Each interleaver 20, which may be implemented in 
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The sequential interleaving multiplexor 21 operates 
in a manner known in the art to interleave the 
sub-streams 22 (including their respective sub-stream 
identifiers) into a respective channel 16. The order in 
5 which bits of each sub-stream 22 are interleaved into a 
respective channel 16 is predetermined, to facilitate 
recovery of the original data signals 14 at a receiving end 
node 46, 

In the embodiment illustrated in Fig. 2, the signal 
distribution unit 12 is configured to distribute M=3 data 
signals 14a-c across N=4 channels 16a-d. Thus the signal 
distribution unit 12 of Fig. 2 comprises M=3 signal 
dividers 18a-c, each of which divides its respective data 
signal 14 into N=4 sub-streams 22. Similarly, N=4 

interleavers 20a-d are provided for interleaving respective 
sub-streams 22 from each data signal 14 into a respective 
one of the channels 16. Thus, interleavor 20a operates to 
interleave sub-stream Ul of each of incoming data 
signals 14a-c to create a serial composite data-stream 26a 
on channel 16a. Interleavor 20b operates to interleave 
sub-stream U2 of each of incoming data streams 14a-c to 
create a serial composite data-stream 2 6b on channel 16b. 
Interleavor 20c operates to interleave sub-stream U3 of 
each of data streams 14a-c to create a serial composite 
data-stream 26c on channel 16c. Finally, interleavor 20d 
operates to interleave sub-stream U4 of each of data 
signals 14a-c to create a serial composite data-stream 26d 
on channel 16d. 

As mentioned above, the number (M) of data 
30 signals 14, and the number (N) of channels are arbitrary 
within a range governed by physical constraints of the 
networks. Thus, it will be appreciated that the signal 
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distribution unit 12 of Fig. 2 may be equipped with a 
nuinber of signal dividers 18 required to handle a desired 
number of data signals 14. Similarly, the distribution 
unit 12 is equipped with a number of interleavers 20 
5 interconnected with the signal dividers 18, to distribute 
data signals 14 across a desired number of channels 16. 
Advantages of the present invention may be obtained with 
distribution across as few as two channels 16. However, in 
practice, it will generally be preferable to distribute 2 

10 or more signals across a larger number of channels which, 
depending on the specifics of a particular implementation, 
may be less than, equal to, or greater than the number of 
data signals 14. The method and apparatus of the invention 
are transparent to the protocol of the data signals 14, and 

15 so the protocol may be selected as required for a specific 
implementation. For example, if desired the data 

signals 14 may be forward error correction (FEC) encoded 
SONET/SDH signals. 

The signal distribution process described above 
20 with respect to Fig. 2 is fully reversible to recover the 
original data signals 14. Fig. 3 is a block diagram of a 
signal recovery unit 28, which is implemented in each 
receiving end node 4a-e. The signal recovery unit 28 shown 
in Fig. 3 can be implemented in hardware and/or software 
25 downstream of conventional optical demultiplexing and 
opto/electrical conversion circuits, which operate to 
optically demultiplex the channels 16a-d from a fiber 
link 6, and convert each composite data-stream 26a-d into 
electronic form • for processing. Conventional clock 

30 recovery and signal regeneration circuits (not shown) may 
also be implemented upstream of the signal recovery 
circuit 28 shown in Fig. 3. 


12677ROUS01U 


- 14 - 


9-13528-131US 


The signal recovery unit 28 generally includes at 
least N parallel elastic buffers 30a-d, each of which is 
arranged to receive a respective composite data-stream 26 
from one of the channels 1.6. The elastic buffers 30a-d 
5 cooperate to de-skew the composite data-streams 26a-d, and 
thus compensate for propagation delay differences between 
each of the channels. Each of the de-skewed composite 
data-signals 2 6a-d is then passed to a respective framer 32 
and demultiplexer 34. The framer 32 analyses the respective 

10 composite data-stream 26 to detect the sub-stream 
identifiers of each of the sub-streams 22 contained in the 
composite data-stream 26, and generates a synchronization 
signal which is used to control the operation of the 
respective demultiplexer 34. Using the synchronization 

15 signal, in combination with the known interleaving sequence 
of the interleavers 20a-d, each demultiplexor 30a-d 
operates to demultiplex its respective composite 
data-stream 26, to recover one sub-stream 22 ■ of each data 
signal 14. The sub-streams 22 of each data signal 14 are 

20 forwarded (one from each demultiplexor 30) to a one of M 
multiplexors 32a-c which multiplex the sub-streams 22 to 
recover the respective data signals 14. 

As shown in Figs. 2 and 3, a data stream 14 (which 
may be FEC encoded) is evenly divided into sub-streams 22, 

25 which are interleaved and transmitted through a fiber link 
within respective parallel channels 16. At a receiving end 
node 4b, the sub-streams 22 are demultiplexed from their 
respective channels 16 and then multiplexed together to 
recover the original data signals 14. Between transmitting 

30 and receiving end nodes 4, each composite data-stream 2 6 
transits a fiber link 6 within a respective one of the N 
channels 16. Consequently, each composite data-stream 26 
is subject to optical amplification gain, attenuation, 
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dispersion and noise in accordance with the optical 
performance of the channel 16 through which it is conveyed. 
When the composite data-streams are demultiplexed, the 
respective sub-streams 22 express a bit error rate that is 
5 associated with the optical characteristics of the channel 
on which it was conveyed. 

Multiplexing of the sub-streams 22 in the signal 
recovery circuit 28 by sub-stream multiplexers 32 yields a 
recovered data signal 14 having an aggregate bit error rate 
that approximates an average of the bit error rates of each 
channel 16 through which the composite data-streams 2 6 were 
transmitted. Since each of the transmitted data signals 14 
are preferably equally distributed over the respective 
channels 16, this averaging of bit error rates affects each 
of the data signals 14 approximately equally. Thus, 
optical equalization across the N channels of the fiber 
link 6a is achieved by averaging the effects of optical 
performance variations across M parallel data signals 
conveyed through the link 6. 

20 The present invention therefore provides a method 

and apparatus for achieving optical equalization across 
multiple channels of a multi-channel fibre link 6a, thereby 
extending signal reach by distributing the effect related 
to channel performance. 

25 The embodiment (s) of the invention described above 

is (are) intended to be exemplary only. The scope of the 
invention is therefore intended to be limited solely by the 
scope of the appended claims. 
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